A theoretical study of magnetic, electronic, mechanic, anisotropic elastic, and vibrational properties of Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys has been extensively investigated by the first-principles method using the generalized gradient approximation. Structural parameters such as lattice constant (a 0 ), bulk modulus (B) and first pressure derivative of bulk modulus (B¢) were obtained by using the Murnaghan equation. The calculated formation enthalpies (DH f ) showed that these alloys are thermodynamically stable. The total spin magnetic moments per unit cell of Ru 2 TGa (T = Cr, Mn, and Co) alloys were found to be 1.16 l B , 2.16 l B and 0.29 l B , respectively. In addition to electronic band structures along the high symmetry directions, corresponding total and partial density of states were also plotted. It was found that the spin-up states have a metallic character for all alloys, but the spin-down states of the other alloys except for Ru 2 CoGa have a pseudo-gap at the Fermi level. The bulk modulus (B), shear modulus (G), ratio of B/G, Young's modulus (E), Poisson's ratios (m), Vickers hardness (H V ), sound velocities (v l , v t , and v m ), Debye temperatures (H D ) and melting temperatures (T melt ) were obtained from elastic constants (C ij ) in accordance with the Voigt-Reuss-Hill approximation. The calculated elastic constants showed that these alloys are mechanically stable and they have anisotropic character. The elastic anisotropy of the considered alloys was analyzed and pictured in great detail with 2D and 3D figures of directional dependence of Young's modulus, linear compressibility, shear modulus, and Poisson's ratio.These alloys are dynamically stable because there are no negative modes in their phonon dispersion curves.
INTRODUCTION
Heusler type alloys were discovered by Friedrich Heusler, a German mining engineer and chemist, at the beginning of the 1900s. 1 These alloys were obtained by adding a third group element to CuMn alloy; researchers observed that by performing such additions, the ferromagnetic properties of the alloying elements could be changed. 2, 3 The resulting alloys are classified into two different groups as half and full Heusler alloys. These alloys are specified by the general formula ABC and A 2 BC, respectively. Full-Heusler type alloys are ternary intermetallic compounds with stoichiometric composition A 2 BC and L2 1 type cubic crystal structure. The A and B elements are from the transition metal group of the periodic table, whereas the C element belongs to the group III-V of the periodic table. Recently, Heusler type alloys are attracting researchers' attention due to their interesting magnetic properties. Half-metallic ferromagnets, which are the focus of scientific studies because of their potential applications in the field of spintronics, 4 were discovered in 1983 by De Groot et al. 5 Due to their half-metallic behavior, Heusler type alloys comprise an ideal material group for use in many electronic devices. 6 The main topics studied on Heusler type alloys include magnetic susceptibility and permeability, shape changes caused by magnetic field application, Curie temperature, hysteresis curves, magnetooptic Kerr effect, Hall phenomenon and ferromagnetic resonance. [7] [8] [9] [10] Up to this day, Heusler type alloys have been the subject of many studies. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] However, an extensive study about the physical properties of the Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys has not yet been made. The mechanical and vibrational properties of these materials have hardly been studied compared to other Heusler alloys. Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys have been the subject of few theoretical and experimental studies. [23] [24] [25] [26] [27] [28] [29] [30] Experimentally, the standard enthalpies of formation, lattice parameters, and phase transitions of Ru 2 YZ (Y = Mn, Co, Fe, Hf, Rh, Ti, V, Zr; Z = Ga, Al, In, Si, Ge, Sn) Heusler compounds were analyzed by Yin and Nash. 23 They measured standard formation enthalpy for the Ru 2 MnGa alloy by employing direct reaction calorimetry at high temperatures. Moreover, they determined the lattice parameters of Ru 2 MnGa with x-ray diffraction analysis. In another experimental study, Hori et al. realized neutron diffraction data of the Ru 2 MnGa alloy using Rietveld method. 24 They concluded that Mn mainly occupied one site (92.6%), showing it either had L2 1 or D0 3 structure. They also confirmed the stability of Ru 2 MnGa in L2 1 -type structure and its anti-ferromagnetic behavior. On the theoretical side, M. Gilleßen studied the lattice constants and magnetic moments of Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys using density functional theory (DFT). 26 The lattice constants of these alloys have been reported as 5.994 Å , 5.996 Å , and 5.940 Å , respectively. Faleev et al. have investigated the chemical order and magnetic properties of numerous cubic full Heusler alloys, including the Ru 2 MnGa alloy, which is one of the most promising candidates for half-metallicity. 27 They developed an orbital coupling model for cubic full Heusler compounds in their study. In another study recently conducted by the same authors, the lattice constant and magnetic moment of the Ru 2 MnGa alloy in the tetragonal phase were calculated using DFT. 28 Jan Balluff in his Ph.D. thesis obtained a detailed dataset with DFT of the 70 antiferromagnetic Heusler compounds, including the Ru 2 CrGa alloy. 29 He found the lattice constant and magnetic moment of the antiferromagnetic Ru 2 CrGa alloy as 5.993 Å and 1.5 l B , respectively.
To the best of our knowledge, a comprehensive study of the physical properties of the Ru 2 CrGa, Ru 2 MnGa, and Ru 2 CoGa Heusler alloys has not been performed to date. In particular, there is no experimental study in the literature about the Ru 2 CrGa and Ru 2 CoGa alloys. However, I found that these alloys have negative formation enthalpy, which indicates experimental synthesizability; therefore, this study can lead to future experimental studies. The aim of this study is to investigate the magnetic, electronic, mechanic, anisotropic elastic and vibrational properties of Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys used as spintronic materials in potential applications.
Calculation methods for Ru 2 TGa (T = Cr, Mn, and Co) alloys are presented in the second section. The third section presents the obtained magnetic, mechanic, anisotropic elastic and vibrational properties, and also electronic band structure properties of Ru 2 TGa (T = Cr, Mn, and Co) alloys.
METHOD OF CALCULATION
The structural, electronic, magnetic, and elastic properties of antiferromagnetic Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys were calculated by applying the self-consistent ultrasoft pseudopotential method. 31 The exchange-correlation potential was described as a generalized gradient approach 32, 33 within the form recommended by Perdew-Burke-Ernzerhof. 34 All calculations were carried out with Quantum-Espresso 35 software based upon density functional theory (DFT). 36, 37 First, the lattice constants in the frame of the structural parameters were obtained, then the bulk modulus and first pressure derivative of the bulk modulus were calculated by fitting the total energy as a function of the volume to the Murnaghan equation of states. 38 To obtain the equilibrium lattice constant of Ru 2 TGa (T = Cr, Mn, and Co) alloys, the total energies corresponding to different lattice constant values were calculated by taking the 40 Ryd cut-off energy. For Brillouin zone integrations, a mesh of 12 9 12 9 12 Monkhorst-Pack 39 k-points was used. Integration up to the Fermi surface was performed using the smearing technique 40 together with smearing parameter r = 0.01 Ry. The elastic constants were calculated from the total energy change by applying small strains to the equilibrium lattice configuration. 41, 42 In order to find the self-consistent solutions of the Kohn-Sham equations, the lattice dynamical properties were calculated according to the density functional perturbation theory. 43 With a view to obtaining full phonon dispersions along the high symmetry directions, eight dynamic matrices were computed on a 4 9 4 9 4 q-point mesh. These dynamic matrices in arbitrary wave vectors were explained using inverse Fourier transform for this mesh.
RESULTS AND DISCUSSION

Crystal Structure and Formation Enthalpy
The unit cell of the full-Heusler-type alloys in the form of A 2 BC with Cu 2 MnAl type cubic structure and space group Fm-3m (No. 225) contains four fcc sublattices at coordinates (0, 0, 0) and (0.5, 0.5, 0.5) for atom A, (0.25, 0.25, 0.25) for atom B and (0.75, 0.75, 0.75) for atom C. 44 The unit cell of the inverse-Heusler-type alloys in the form of A 2 BC with Hg 2 CuTi type cubic structure and space group F43m (No. 216); the Wyckoff positions (0, 0, 0), (1/2, 1/2, 1/2), (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4) are occupied by A, B, A and C atoms, respectively. The crystal structure for Ru 2 TGa alloy with (a) Cu 2 MnAl-type and (b) Hg 2 CuTi-type is illustrated in Fig. 1 . In order to find the lattice constants of the equilibrium state of these alloys, the total energies (E) as a function of the unit cell volume (V 0 ) were calculated for the antiferromagnetic (AFM) and ferromagnetic (FM) states of both crystal structures. These variations of Ru 2 CrGa, Ru 2 MnGa, and Ru 2 CoGa alloys are shown Fig. 2a , b and c, respectively. As can be seen from Fig. 2a , b and c, these alloys have smaller total energy values in the Cu 2 MnAl-type structure than Hg 2 CuTi-type structure. Thus, the Cu 2 MnAltype structure is energetically more suitable for the Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys. Similarly, the AFM states are more suitable than other states in both crystal structures. The groundstate properties such as lattice constant (a 0 ), bulk modulus (B) and its pressure derivative (B¢) have been reckoned by fitting the total energy to the Murnaghan's equation of states. 38 These obtained outcomes for Ru 2 TGa (T = Cr, Mn, and Co) alloys are tabulated along with the available experimental 23, 24 and theoretical outcomes 26, 29 in Table I . The equilibrium lattice constants were found to be 5.991 Å , 5.984 Å , and 5.936 Å for Ru 2 TGa (T = Cr, Mn, and Co) alloys, respectively. These results are in good agreement with the results in the literature. 23, 24, 26, 29 The bulk modulus for Ru 2 TGa (T = Cr, Mn, and Co) alloys were found to be 238.1 GPa, 225.9 GPa, and 206.9 GPa, respectively. The calculated bulk modulus of these three alloys demonstrates the Ru 2 CoGa < Ru 2 MnGa < Ru 2 CrGa order. Since the atoms of Cr, Mn, and Co are in the same period, generally, the atomic radius decreases across the periods due to an increasing number of protons. The bulk modulus of Ru 2 TGa (T = Cr, Mn, and Co) alloys decreases with decreasing atomic radius of the T atom, which is obviously seen from Table I . Similarly, the pressure derivatives of bulk modulus for Ru 2 TGa (T = Cr, Mn, and Co) alloys also show the above sequence based on the displacement of the T (Cr, Mn, Co) atom.
The formation enthalpy (DH f ) is an important parameter for theoretically investigating structural stability and analyzing the probability of synthesis. 45, 46 The formation enthalpy was calculated according to the following equation and given in Table I . The calculated formation enthalpies for these alloys agree well with the available results. 23, 25, 26, 29 
where E total Ru 2 TGa is the equilibrium total energy per formula unit of each alloy, E bulk Ru , E bulk T , and E bulk Ga are the energies per atom in Ru, T, and Ga stable bulk structures. The investigated Ru 2 TGa (T = Cr, Mn, and Co) alloys have negative formation enthalpy. This indicates the structural stability of these alloys in the studied phase and thus these alloys are thermodynamically stable. As a result, these materials can be synthesized experimentally. 
Magnetic and Electronic Properties
Heusler alloys are of great importance because of their interesting and diverse magnetic properties such as ferromagnetism, antiferromagnetism, ferrimagnetism, paramagnetism and helimagnetism. For half-metallic materials, the Slater-Pauling rule 3,7 is a simple way of predicting the relation between the valence electron numbers and the total magnetic moment. It is well known that Heusler compounds generally conform to the following Slater-Pauling rule. This rule can help us to extrapolate their total magnetic moment. 47, 48 ; and its electronic band structure represents metallic behavior in both spin states. The obtained total magnetic moments for these alloys are compatible with the previously reported values. 25, 26, 29 The total spin magnetic moment contains four contributions: the Ru (1) and Ru (2) atoms, the T (Cr, Mn, and Co) atom, the Ga atom. As seen from Table II , the major contribution to the total magnetic moment is mainly dominated by the T (Cr, Mn, Co) atom. It is due to the large exchange splitting between the spin-up and spin-down states of the T atom. The negative indication in the partial spin magnetic moments of Ru (1), Ru (2) and Ga atoms shows that the induced magnetic polarization of the Ru and Ga atoms is antiparallel to that of T atom. Also, the magnetic moment of the Ga atom is quite small. As a result, the partial magnetic moment of the Ga atom can be ignored on account of the absence of localized d electrons.
Spin-polarized electronic band structures along the high symmetry directions of Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys for spin-up (majorityspin) and spin-down (minority-spin) states are illustrated in Fig. 3a, b and c, respectively. Fermi energy values have been subtracted from all energies and the Fermi energy level, indicated by dotted lines in the figures, is taken as zero. It is obviously seen that these alloys demonstrate metallic behavior owing to overlapping between conduction and valance bands at the Fermi level for both spin states. For better understanding of electronic contribution, the total and the partial density of states of Ru 2 CrGa, Ru 2 MnGa, and Ru 2 CoGa alloys are plotted in Fig. 4a, b and c, respectively. The PDOS patterns for Ru 2 CrGa and Ru 2 MnGa alloys are very similar to each other. The Fermi level has vaguely contacted the maximum of valence states in the minority spin states. It is clear that the presence of minority spin states of Cr and Mn atoms at the Fermi level has completely destroyed the HM characteristic, and therefore Ru 2 CrGa and Ru 2 MnGa alloys are metallic. Besides, there is a small number of spin-down states at the bottom of the gap for Ru 2 CrGa and Ru 2 MnGa alloys. So this gap is just a pseudo-gap and shows that Ru 2 CrGa and Ru 2 MnGa alloys have not completed spin polarization. In addition to this, the total magnetic moment is not an integer. Such results have been observed in other Heusler alloys. 49 The lowest valence bands in the energy region that are lower than À 6 eV in both the majority and minority spin states mainly come from the electrons of 4s orbitals of the Ga atom and the electrons of 5p orbitals of the Ru atoms for all alloys. The low-energy part around À 6 eV and 0 eV in both spin states predominantly comes from the electrons of 4d orbitals of the Ru atom and the electrons of the 3d orbitals of the T (Cr, Mn, and Co) atom. Similarly, above the Fermi level, both the majority and minority spin states are dominated by Ru-4d orbitals and T (Cr, Mn, and Co)-3d orbitals. In addition, there is a strong hybridization between Ru-4d orbitals and T (Cr, Mn, and Co)-3d orbitals in both spin states.
Taking a closer look at the details of the density of states for each spin, we can define the term spin polarization, which is related to an imbalance in the spin density of states at the Fermi level. The following equation shows the traditional definition of spin polarization, which is the net spin present at the Fermi level described as a percentage:
where N " E F ð Þ and N # E F ð Þ are the density of states (DOS) for spin-up and spin-down electrons at the Fermi level. The calculated spin polarizations (P) of Ru 2 TGa (T = Cr, Mn, and Co) alloys are listed in Table II . Calculated total and partial spin magnetic moments (in l B ) and the density of states at Fermi energy [N " (E F ), N # (E F )] and % spin polarization (P) of Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys
Material
Refs. Table II . According to Fig. 4a and b, the partial DOS of Ru 2 CrGa and Ru 2 MnGa alloys are very similar. In both Ru 2 CrGa and Ru 2 MnGa alloys, the Fermi level has vaguely contacted the maximum of valence states in the minority spin state and thus, the spin polarization has decreased from ideal 100% value to 86% and 83% values for Ru 2 CrGa and Ru 2 MnGa, respectively. Moreover, some of the Rubased materials have been reported to exhibit antiferromagnetism. 50 In that case, the half-metallicity will be lost. The reason for the antiferromagnetic ground state may be found in on-site correlation at the Mn atoms, which was not included here.
Elastic Properties
Elastic constants are important parameters for characterizing solid materials. They usually contain significant information about a material's structural and mechanical stability, and are closely related to physical properties such as Debye temperature, melting point, specific heat and thermal expansion coefficient. Calculated elastic constants (C 11 , C 12 and C 44 ) of Ru 2 TGa (T = Cr, Mn, and Co) alloys have been tabulated in Table III . Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys with Fm-3m crystal symmetry have three independent second-order elastic constants such as C 11 , C 12 and C 44 since they are cubic. Mechanical stability conditions of elastic constants in cubic crystals are given in the following equations 51, 52 :
In view of these stability conditions, it is understood from Table III that Table III .
here, the G V is the Voigt shear modulus corresponding to the upper limit of the G, and the G R is the Pugh's B/G ratio 56 is one of the criteria commonly used to provide information about the fragility (ductile nature) of materials. According to this criterion, if this value is smaller than 1.75, the material is fragile; if it is the larger it is ductile. From the B/G ratios calculated for these alloys, the Ru 2 MnGa (1.73) and Ru 2 CoGa (1.55) alloys are brittle because their ratios are smaller than 1.75. On the contrary the Ru 2 CrGa (2.13) alloy is ductile because its ratio greater than 1.75. At the same time, the B/G ratio is also a measure for the hardness of materials. Generally, a material having a low B/G ratio has a high hardness. We would expect that the Ru 2 CoGa alloy is harder than the others. Young's modulus (E) is a measure of hardness; the greater the E value, the harder the material. According to the calculated Young's modulus values for these materials, the hardness order is Ru 2 CoGa > Ru 2 MnGa > Ru 2 CrGa. That is, E increases when going from Ru 2 CrGa to Ru 2 CoGa.
Poisson's ratio (v) is not only a measure of the compressibility of a material, but also an indication of the characteristics of its bonding forces. 57 If Poisson's ratio is in the range of 0.25-0.5, 58 the materials are more stable under exterior degradation and less compressible, while outside of this range, the materials become much more compressible. From Table III , it may be readily viewed that the Ru 2 CrGa and Ru 2 MnGa full-Heusler alloys are less compressible due to their Poisson's ratios in this range. On the other hand, since the Poisson's ratio of the Ru 2 CoGa alloy is outside this range, it is more compressible. In addition, Poisson's ratio reveals information about the bond forces of the material. The value of Poisson's ratio (v) is close to 0.1 for covalent materials and 0.25 for ionic materials. 59 It can be said that these alloys have an ionic character, since the Poisson's ratios in Table III are 0.297, 0.257 and 0.234. As clearly seen from Table III , Poisson's ratios of these alloys decrease with decreasing the atomic radius of the T (Cr, Mn, Co) atom.
The Vickers hardness (H V ) of a material is directly related to other mechanical properties. Hardness is a relative measure defined as the resistance of the materials against scratching, cutting, corrosion and perforation. 46 If the hardness of a material is smaller than 10 GPa, the material is soft; if it is between 10 GPa and 40 GPa, the material is hard; if it is greater than 40 GPa, it is considered to be a very hard material. [60] [61] [62] There are theoretically many different methods for determining hardness. One of them is the quasi-experimental method given by Eq. 10, which is in relation to the bulk and shear modulus developed by Chen et al. 63 Based on calculated hardness values, all the alloys studied here can be defined as hard materials since their Vickers hardness values are greater than the critical value of 10 GPa. Among the studied alloys, Ru 2 CoGa has the greatest hardness.
Elastic Anisotropy
Materials whose physical properties vary according to direction are called anisotropic materials. 46 This is due to the different atomic densities in the crystal directions. The shear anisotropy factor is a measure of the degree of elastic anisotropy. If the value of the anisotropy factor is 1, the material is elastically isotropic, otherwise, the material is anisotropic. For a cubic structure, the anisotropy factor can be expressed in terms of elastic constants as follows 64, 65 :
The universal elastic anisotropy index (A U ) and elastic anisotropy percentages (A B ; A G Þ of bulk modulus and shear modulus have been computed by means of the equations given below. 66
The A, A U , A B and A G values of Ru 2 TGa (T = Cr, Mn, and Co) alloys were calculated; results are given in Table IV . The fact that the anisotropy factors differ from 1 indicates that these alloys are anisotropic. When these alloys are sorted according to the degree of anisotropy, the sequence is Ru 2 MnGa > Ru 2 CrGa > Ru 2 CoGa. Namely, Ru 2 MnGa has the largest anisotropy. As seen from Table IV , since the elastic anisotropy index (A U ) is different from 0, all alloys are anisotropic. The Ru 2 MnGa alloy has much more anisotropy than other alloys. This is consistent with the results obtained from anisotropy factors.
The directional dependencies of Young's modulus, linear compressibility, shear modulus, and Poisson's ratio for these alloys have been investigated via the EIAM software. 67 The obtained parameters for Ru 2 CrGa, Ru 2 MnGa, and Ru 2 CoGa full-Heusler alloys have been given with both 2D and 3D presentations in Figs. 5, 6, and 7, respectively. The deviations from the spherical shape in the figures of these physical properties show the degree of anisotropy. In Figs. 5, 6 and 7, the blue curves represent the maximum values and the green curves represent the minimum values for the parameters. The maximum and minimum values of Young's modulus (E), linear compressibility (b), shear modulus (G) and Poisson's ratio (v) for these alloys are also listed in Table V . As we can clearly see from Figs. 5b, 6b, 7b, the 3D presentations of the linear compressibility for these alloys have nearly spherical structure, which indicates that the linear compressibility of every alloy is only very slightly anisotropic. For the cubic Ru 2 MnGa with the largest A G (3.37) and A U (0.38), the 3D figures of Young's modulus, shear modulus, and Poisson's ratio have openly deviated in shape from the sphere. In other words, this alloy has the most powerful anisotropy for different orientations. It can be concluded from the 3D directional dependences of Young's modulus, shear modulus, and Poisson's ratio, that the extent of the elastic anisotropy for these alloys follows the order of Ru 2 MnGa > Ru 2 CrGa > Ru 2 CoGa. This result is coherent with the results obtained from the survey of the universal elastic anisotropy index and elastic anisotropy percentages.
Vibrational and Thermodynamical Properties
Phonon dispersion curves are necessary for the microscopic understanding of the lattice dynamics. The phonon dispersion curves calculated along the high symmetry directions, total and partial density of states (DOS) for Ru 2 CrGa, Ru 2 MnGa, and Ru 2 CoGa Heusler alloys are plotted in Fig. 8a, b and c, respectively. Since there are four atoms in the primitive cell of these alloys, there are totally twelve branches in the phonon dispersion curves, consisting of three acoustic and nine optical branches. Ru 2 TGa (T = Cr, Mn, and Co) alloys are dynamically stable, since negative mode is not observed in the phonon dispersion curves. Since the mass difference between the Ru, T and Ga atoms was small, no gap was observed between the acoustic modes and optical modes in the phonon dispersion curves. The frequencies of optical phonon modes at the C point are 6.508 THz, 6.957 THz and 7.393 THz for Ru 2 CrGa; 6.700 THz, 6.919 THz and 7.701 THz for Ru 2 MnGa; and 5.729 THz, 6.314 THz and 6.964 THz for Ru 2 CoGa, respectively. Interaction between some optical modes and acoustic modes was observed at frequencies below about 4 THz. Since optical modes play an important role in carrying thermal conductivity, this interaction causes a decrease in thermal conductivity. 68 This interaction is more, in particular, in the Ru 2 CoGa alloy, so the thermal conductivity of this alloy is expected to be lower. This result is consistent with the Debye temperatures given in Table VI . When we look at the phonon DOS curves of these alloys, it is seen that every three atoms forming these alloys are also vibrating in acoustical and optical regions. Phonon dispersion results at the C point of these alloys may provide beneficial knowledge for future experiments in order to specify new phases.
It is known that the first-principles phonon calculations are limited for the thermodynamic properties of the crystals, but these properties can be determined in detail by phonons. 69 The specific heat capacity and entropy as a function of temperature can be described with the quasi-harmonic approximation. The temperature dependence of heat capacity and entropy for these alloys are given in Fig. 9a and b, respectively. The thermal properties are determined in the temperature range from 0 K to 1000 K for Ru 2 TGa (T = Cr, Mn, and Co) alloys, where the quasi-harmonic model remains fully valid. As the temperature rises, the heat capacity increases quickly up to nearly 350 K; after this temperature, it goes up at a smaller rate. This correlation is consistent with the Debye temperatures as given in Table - VI. The heat capacity arrives at a steady value named as the Dulong-Petit limit at high temperatures about 700 K. The entropy curves exhibit the expected behavior at the considered temperature range. Because of the vibrational contribution, the entropy curves increase rapidly as temperature increases. The increasing rate is relatively slower for Ru 2 CrGa and Ru 2 MnGa compared to Ru 2 CoGa.
Debye temperature (H D ) is a basic physical property associated with specific heat, elastic constants, and melting temperature. It is used to distinguish between low and high-temperature zones in a material. The material with a high Debye alloys have been determined via the following equation 70 :
where h is Planck's constant, k is Boltzmann's constant, n is the total number of atoms in the molecule, N A is Avogadro's number, q is the density, M is the molecular weight and v m is the average sound velocity. The v m value of the Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys is derived from the following equations 71 : 
where v l and v t are longitudinal and transverse sound velocities which are obtained by means of Navier equations. 72 Moreover, the melting temperature (T melt ) is obtained using the following relation 73 and its values are given in Table VI .
It is found that the melting point of Ru 2 CoGa is higher than those of others. This conclusion is in concordance with what I interpreted in results for Young's modulus, that Ru 2 CoGa is harder than Ru 2 CrGa and Ru 2 MnGa alloys. As far as I know, there are no available experimental or theoretical results associated with vibrational and thermodynamic properties in the literature with which to compare our results.
CONCLUSIONS
The magnetic, electronic, mechanic, anisotropic elastic and vibrational properties of Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys were comprehensively studied by first-principles methods using the GGA-PBE. It has been found that the antiferromagnetic state in the Cu 2 MnAl-type structure is energetically more stable than other states. The obtained structural parameters are in good agreement with both experimental and theoretical results in the literature. Band structure calculations show that each alloy has a metallic character in nature. Besides, the spin-down states of the other two alloys except for Ru 2 CoGa have a pseudo-gap at the Fermi level. For this reason, the spin polarization has decreased from the ideal 100% value to 86% and 83% for Ru 2 CrGa and Ru 2 MnGa, respectively. On the other hand, the total magnetic moments of these alloys are 1.16%, 2.16% and 0.29% l B , respectively. The total spin magnetic moments of Ru 2 TGa (T = Cr, Mn, and Co) alloys mainly originate from the T atom. Moreover, Ru 2 MnGa and Ru 2 CoGa alloys exhibit brittleness, where Ru 2 CrGa alloy exhibits ductility. Elastic parameters, including bulk modulus (B), shear modulus (G), Voigt (G V ) and Reuss (G R ) polycrystalline elastic modulus, B/G ratio, Young's modulus (E), Poisson's ratio (v), and Vickers hardness (H V ) were specified and discussed. The predicted anisotropy factors were investigated in detail. All the alloys in this study show mostly mechanical anisotropy. The obtained results show that the Ru 2 TGa (T = Cr, Mn, and Co) Heusler alloys are both mechanically and dynamically stable in the studied phase. It is anticipated that the given results might trigger future experimental studies of Ru-based Heusler alloys.
